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RESEARCH MEMORANDUM

TEMPERATURE RESPONSE OF TURBINE-BLADE METAT. COVERED
WITH OXIDE COATINGS SUPPLIED BY FUEL ADDITIVES

By Richard J. McCafferty and Helmat F. Butze

SUMMARY

An Investigation was conducted to determine the effects of turbine-
blade coatings, supplied by fuel additives, on heat transfer from com-
bustor exhaust gases to an 8-816 alloy blade. Two fuel addlitlves were
used; tetraethyl orthosilicate (producing silicon dioxide) and triamyl
borate (producing boric oxide). Date were obtained which described the
blade-metal temperature response to.exhaust-gas temperature for both
static and transient gas temperature conditions in the range from 1400°
to 2000° F.

The results showed that the fuel additives provided an oxide coat-
ing on the combustor-liner well and the other metal parts, including
the blade, exposed to the exhaust gas. The coating formed on the
exterior surface of the blade had no measurable effect on blade-metal
temperature at either static or transient exhaust-gas temperature condi-
tions.

INTRODUCTION

Turbine-blaede life is an important factor controlling operation and
utlilization of turbojet engines. High gas temperatures lmpose severe
operating conditions on turbine blades and metal fracture often results.
Cooler operating blades can provide longer blade life, decrease the con-
sumptlion-of strategic metals used in thelr manufacture, or aliow
increased gas temperstures. The NACA Lewls laboratory is conducting
research on methods which may be used to reduce blede-metal operating
temperatures. The use of alr or water for coocling turbine blades
internally is discussed in reference 1. The results of an analytical
study of the use bf ceramic coatings for reducing the metal tempersture
in the trailing edge of water-cooled blades are presented in reference 2.
Although these results indicate that, for continuous operation, only
small reductions in blade-metal temperature can be expected with certain
ceramic-type coatings applied to low-conductivity metal alloys, the use
of such coatings may allow higher gas temperatures and lncreased thrust
for a short duration by increasing the time required for the blades to
assume the new, higher gas temperature. The 1nvestigation reported
herein was concerned specifically with this application.
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A turbine blade was mounted in the exheaust ducting of a turbojet
combustor rig. The coatings considered in this investigatlion were pro-
duced by additives contained in the fuel. Two additives were used; one
producing a silicon dioxide coating and the other, a boric oxlide coat-
ing. The temperature-response rates of coated and uncoated blades to
rapid changes in exhsust-gas temperature were determined.

APPARATUS AND PROCEDURE

An S-816 alloy turbine blade was mounted on a rod and Iinserted in
the exhaust duct of a single combustor from a I33 turbojet engine.
An attempt was made to mount the blade in the duct in such a manner as
to simuwlate the gas-flow enviromment that exists in a full-scale engine.
The detailed instrumentatlon and eguipment features of the combustor
setup are described in reference 3. Figure 1 shows the locatlion of the
blade with respect to the combustor and the thermocouple station used
to measure the average exhaust-gas tempersture. The local gas tempera-
ture at the blade was messured by two thermocouples located directly
upstream of the blade., The blade-metal temperature was measured by a
thermocouple inserted in the middle of the blade halfway between the
root and the tip in the center of the chord. The blade-metal and
the average exhaust-ges temperatures were continuously recorded on en
osclllograph. Typical oscillograph traces are shown in reference 4
where turbojet-engine data variables were recorded.

The combustor was first operated to determine the inlet conditions
that would allow a maximum exhaust-gas velocity around the blade at a
gas ‘temperature of 2000° F. The alr conditions at the combustor inlet
and at the blade are shown in table I. The inlet conditions were set
and the combustor was operated at an average exhsust-gas temperature of
1400° F. Fuel-flow rate was then increased sufficiently in ¢ to 13 sec-
onds to raike the average exhaust-gas temperature to approximately
2000° F. This time interval is hereinafter referred to as "fuel-step
time”. When the fuel additives were used the combustor was operated at
the 1400° F condition for a minimum of 1 hour in order to form an oxide
film on the blade. The rates of change of exhaust-gas temperature with
fuel addition and of blade-metal tempersture with exhaust-gas tempera-
ture were recorded in separate tests because of the limitations of the

recording system used.
Fuels
The bese fuel used in this investigation was MIL-F-5624A, grade
JP-4, Two fuel-additive mixtures were used, one conbtaining 3 percent

(by weight) tetraethyl orthosilicate and the other, 8 percent (by
weight) trilamyl borate. These concentrations correspond to 1 percent

%92
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silicon dioxide and 1 percent bori; 6;idé;'respectively. The tetraethyl
orthosilicate was commerclally prepared; the triamyl borate was prepared
at the Lewls laboratory by reacting amyl alcohol with anhydrous boric
oxide.

RESULTS AND DISCUSSIOKR

Photographs of the turbine blade removed from the exhaust duct
after operation with JP-4 fuel are shown in figures 2(a) =nd 2(b).
Similar photographs of the blade after operation with JP-4 fuel plus
additives are shown in figures 2(c) to 2(f). Noticeable coatings were
formed during the l.4- and the l1l.6-~hour running times. The triamyl
borate provided a less uniform, but thicker, more steble coating than
did the tetraethyl orthosilicate. The silicon dloxide comting was dry
and powdery and was easily removed when touched.

Photographs of the combustor liner and the deposits formed are
presented In figure 3. The deposits were steble wlith respect to the
action of heat and air wash produced by operation with clear JP-4 fuel;
these photographs were taken after the liner had been operated an
additional 1/2 hour without any fuel additive being present.

The data obtained with the JP-4 fuel and two addltives are summar-
ized in teble I, and the turbine blade-tempersture ageinst time rela-
tions obtained for several runs with clear JP-4 fuel and with each
additive are presented in figure 4. The dotted lines are representative
curves of the average combustor exhaust-gas temperature during the fuel
input change for each fuel. The perpendicular lines located oi each
curve indicate the fuel-step time for that particular run. In figure 5,
the blede-tempersture curves cbtaeined with JP-4 fuel and with JP-4 fuel
plus additives are compared. The fuel additive coating had little or
no effect on blade-metal temperature response since the slopes of the
curves in figure 5 are all very similsr. The characteristic time factor
(defined as the length of time required for the blade to increase
63 percent of the total temperature change) for each run is also shown
in figure 5. The characteristic time factors were approximaitely the
same whether the blade was coated or uncoated; ageln, little effect of
the coating on the rate of heat transfer to the blade is indicated.

The spread among the curves is due to the slightly different fuel-
step times and to the differences in temperature of the blade before
the fuel-flow change. Although the average exhaust-gas temperature was
nearly identical for all runs, the temperature distribution across the
combustor duct was different with each fuel used. A comparison, at the
initial conditions, of the average gas temperatures and the local gas
temperatures near the blade indicates an averege gas temperature varia-
tion of S0° F and & local gas temperature variation of 340° F for all
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runs (see tsble I). Thus, the initial temperature of the blade was

altered by varlatlon in the local gas temperature and not by the coating,

which, in some cases, caused the blade-metal temperature to be higher »
than t%e)?verage gas temperature at the initial conditions (see

fig. 4(b}).

Curves which resulted from almost identical fuel-step times are
presented In figure 6. The 1nitisl blade temperdtures for these runs
were as close to each other as could be selected from the data. No
difference in blade-metal temperature response was noted with the fuel
additives. :

%92

A slight decrease 1n combustlion efficiency was observed when the
additives were present in the fuel. The average combustion efficiency
(table I) at both initial and final fuel-step conditions with JP-4 fuel
was 97 percent; with JP-4 fuel plus tetraethyl orthosilicate, 95 per-
cent; and with JP-4 fuel plus triamyl borate, 95 percent. However, the
combustor-inlet-air pressure and temperature were very favorable to
combustion, and high efficiency values, with small differences among
fuels, could be predicted. ~

The normel operating axial gas velocity range for turbojet engines
is from 800 to 1200 feet per second at the turbine blade position -
(reference 5). Because of test-setup limitations, the data presented
herein were obtained at ges-flow velocitles at the blade of approxi-
mately 370 to 510 feet per second; a flat velocity proflle end a nominal
combustor pressure drop were assumed.

It was assumed that trends observed at these lower velocities would
be simiiar to those obtained at higher velocities. Therefore, the
negative results of the present Investigation may be considered to apply
to full-scale engine conditions if the quantity of heat transferred from
the blade to the turbine disk is negligible for the short durations con-
sidered.

SUMMARY OF RESULTS

The following results were obtalined in an investigation of the
temperature-response characteristics of an S-816 alloy turbine blade
covered with silicon dioxide and boric oxide coatings supplied by fuel
additives:

1. Tetraethyl orthosilicate and triamyl borate edditives in JP-4
fuel provided a stable oxide coating on combustor-liner walls and on
other metal parts exposed to the exhsust-gas stream.
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2. The protective coating formed hed no measurable effect on
turbine-blade-metal temperature™wt=verions combustor exhaust-gas tem-
peratures, or on rates of blade-metal temperature response to-rapid
changes in exhaust-gas temperature.

Lewls Flight Propulsion Leboratory
Natlonal Advisory Commlttee for Aeronsutics
Cleveland, Ohio, June 17, 1952
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TABLE I - DATA MOR TRNPERATURE-RESPOM3E INVESTIQATION OF TORBIMB-BLADE METAL COVERED WITH OXIDE COATINGS SUPPLIED BY FUEL APDITIVEE

Run .Air flow | Combustor-~ | € m-inlet Fuel 11 Fuel-air Fual- | Average Exhaust-gas Blade-metal | Temper- |Characoteristic]| Combustion
(In/aec) | Lrlet total pressmuoe (11:/an ratic atep axhanst-gas temperatura burnh.u-a ature tima fagtar® effiecd
tempera— (in. Hg abs) time hﬂfarltau'l at blada gy riee in {sea) (pu'umt;
ture (ze0) °r) {°r) blade
(") (°m
Initlal|{ Final Ihitiall?inl.l Im.t.lall Final Initial|Fioel Initinlll‘l.nll Init.lal|r:|.m1 Ih.ltlnlJ!'Inll
: . MIL-~-F-8624 (@rads JP-4) fuel . 1
1|, 2.82 235 48.0 S5l.4 185 262 |0.0173 |0.0278]10.0 1400 | 2000 13356 | 2000 1425 | 1800 375 —-_— 7.2 | 87.1
2 2,61 258 45.0 BL.3 185 262 | JOL7S -0279112.% 1400 | 2018 1340 | 2Q10 1450 | 188 460 22.5 87.2 | 87.8
5 2.51 288 5.0 EL.S 162 262 | 0172 | .0279|12.7 1400 | 2018 1570 | 2030 1468 | 1900 &5 20.5 97.6 | 97.8
8 2.80 13 45.0 5.0 183 285 | 0174 | .020L A.B 1550 | 1980 1255 | 1898 14k | 1523 168 — 95.8 | 95.0
9 2.60 234 5.0 5l1.2 a5 265 | .0174 | .QRe8l| 2.8 1380 | 2000 1280 | 1320 1445'| 1og0 4T 21.0 5. 8.2
WO~¥#-5684A (Grads JP-4) plus 5 percent tewrmethyl crthosilloate {by walgith)
4 g £52 45.0 L3 165 A8R 10.0175 |a.0278|12.5 138 | 18%0 1450 | 2100 1495 | 18090 %5 4.8 95.4 | 95.4
5 R.81 855 8.0 31.8 155 285 | .Ql73 -0€80|11.4 1370 | 1850 1E80 | 2135 1525 | 1950 485 5.8 5.6 | 84.7
& &0 | £36 48.0 B2.0 184 288 0L74 | .DRE5|14.3 1370 | 18RD 1585 | 2148 1625 | 1930 A05 — B5.1 | 9.4
7 g.ag ean 4.9 El.Q 1e3 282 | L0175 { .Qev3| &Y 1530 | 1928 148% | 2100 1435 | 1830 435 B8.0 3.8 | B3.4
NI~F-5884k (Grade JF—4) plus B perosnt trimmyl borats (by welghb)

10 £.80 £ae 45.0 50,8 1 282 10,0174 |0.0220] 3.5 1550 | 1980 %0 | 2019 1430 | 180D AT0 - B8.0 | 5.2
11 £.80 238 8.0 50.9 183 243 | .OL74 | .02080|12.0 1580 | 1965 1550 | 1998 1420 | 1900 430 2L.0 98.0 | 8B.E
12 .80 236 &6.0 20.6 185 242 | 0174 | .0280]|14.5 1380 | 1850 1250 | 19%Q 1585 | lato 478 —— B6.0 | V4.6
15 2.80 258 L 46.0 B0.8 183 265 | L0174 | .0p2R1|13.4 1586 | 1260 1248 | 1980 1573 | 1a7s 500 a.0 5.4 | 4.9
%hipa raguired for blsde texperaturs to inaresss 55 peraent of Lokl temparaturs riss, W
. 7 1 F ' [

A g

LODZ2SH WH VOVN



264L

®Total-pressure tube

A ¢
P _gn - ®Thermocouple
23
A G D
° 6 ® @ -
OJ MO
° C
° ®
- ° 4 p— ©_ ©_
° ® ®
o (-] @ @ |© @
¢ ® ®
Cp.2738
Section A-A 8eotion B-B Seoticn C-C Section D-D
{Conbustor~inlet {Cambustor-inlet (Cambughor-out let {Turbine hlada)
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Figurs 1. - Singls-combustor installation showing ducting, locaticn of temperature- and
pressure-measuring instrusents, end turbine blade.
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Fuel, JP-4; rwm time, 2 hours.

(r) Iriving face of blade
- Fhotograph af 6-818 alloy turbine blade after insertian into exhaust-gas

strean of single oombustor operating with JP~4 fusl and JP-4 fuel plus sdditives.

Figure 2.

582
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(h) Trailing face of blade. Yual, JP-4; run time, 2 howw,

Figure 2. ~ Continued. Photograph of 85-816 alloy turbine blade after insertion lnto
exhanat-gae strean of single coebpator opaveting with JP-4 Tuel and JP-4 fusl plus ©
additivesn,




e
i

(c) Driving face of bleds. Fuel, JP-4 plus tetrametbyl orthosilicate; run time, 1.4 hours.
Figue 2. - Continued, FPhotograph of 8-816 alloy tuzhins blade after inssrtion into

exhaust-gas gtresm of single combustor operating with JP-4 fusl and JP-4 fnel plus
additives.
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(d) Trailing face of blads. Fuel, JP-4 plus tetrasthyl orthosilicete; run time, 1.4 hours,

Tigure 2. - Conpinusd. Photogreph of S8-818 alloy turbine blade after inserticn into
sxbmust-gas styream of pingle combustor opersting with JP-4 fuel smld JP-4 fusl plus
addditives. )
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b P-4 fuel and JP~4 fuel plus

Photogragh of S-818 slloy turbine blade after insertion into

Continued.

exhaust-ges stream of aingls combusior operating wit

alditives.

{a) Driving face of blsde. Fuel, JP-4 plue trianyl bommie; run time, 1.6 hours.

Figurs 2
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(f) Trailing face of blade, Fuel, JP-4 plus trismyl borate;

Iigure 2. - Concluded, FPhotograph of 8-816 alloy turbine blade after insertion imbo
exhaust-gas stresm of singls combustor operating with JP-4 fuel and JP-4 fuel plua

additives.
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rm time, 1.6 bours,
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(a) Fuel, JP-4 plus tetrmethyl orthosiliocate; run time, 1.4 hours with JP-4 fuel plus
additive and 0.5 hour with JP-4 fuel.

Figure 3. - Photograph of J33 combustor liner after operation with JP-4 fuel and JP-4 fuel
plus additives,

T¥92
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(b) Fuel, JP-4 plus triemyl borate; rum time, 1.6 hours with JP-4 fuel plus additive
and 0.5 hour with JP-4 fusl.

Figure 3. - Concluded. Photograph of J33 combustor liner after operatlon with JP-4 fuel
and JP-4 fuel plus additives.
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Blsde alloy, S-816.
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(b) Fuel, JP-4 plus tetraethyl arthosilicate.

Figure 4. - Continued. Turbine-blade-metal and average exhaust-gas temperatures
against time for sBeverel fuel steps wlth JP-4 fuel and JP-4 fuel plus additives.
Blade alloy, 8-816.
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Figure 5. - Comparison of response rates of turbine-blede-metal temperature to fuel steps with
JP-4 fuel end JP-4 fuel plus sdditives. EKlade alloy, 5-816. ¥Exhsust-ges temperature:
initial, approximately 1400° F; final, spproximately 2000° F.
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Fignre 6. - Turbine-blade-metal temperature agalnst time for same fuel-gtep-time values with

JP~4 fuel and JP-4 fuel plus additives. Blade alloy, 5-81.6. Exhaust-gas temperature;

initial, approximately 1400° F; final, appreximately,2000° F.
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